A reproducible method for growing normal human bone marrow B-lineage colonies in agar is described. The clonogenic cells require a rich medium, Opti-MEM (GIBCO/BRL, Burlington, Ontario, Canada), and a source of T-cellderived factors for growth. The conditions described appear to be limiting for the colony progenitor, suggesting assay clonality. Three novel methods that permit routine and rapid detection of these human B-cell colonies are also described. Colonies containing cells that secrete immuno-N ADULT MAMMALS, the bone marrow is the site of I hematopoiesis. The differentiation of myeloid lineages has been extensively studied, particularly due to the advent of semisolid colony assay
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The existence and frequency of myeloid lineage p r e c~r s o r s ,~.~ and the discovery and regulatory role of growth factors such as granulocyte-macrophage colony-stimulating factor (GM-CSF),' M-CSF,',' G-CSF:" and interleukin-3 (IL-3)"*'2 have all been elucidated using such assays. B-cell lymphopoiesis also occurs in the bone marrow. Investigations of this aspect of hematopoiesis have been pioneered in the mouse system using in vitro colony assay^'^.'^ and in vivo tracing techn i q u e~. '~ In humans, the study of B-cell differentiation in the bone marrow has been restricted to the investigation of Epstein-Barr virus (EBV) transformed pre-B cells, malignant cells or cell lines, and the bulk culture of fetal cells. On the other hand, later events in human B lymphopoiesis have been well-documented. For example, the activation of peripheral blood B cells by mitogen and the interaction of accessory cells, as well as the effects of growth factors on terminal plasma cell differentiation and immunoglobulin (Ig) secretion," have been well-characterized using EBV transformation, bulk liquid culture, and colony assays."
Both myeloid and lymphoid lineages differentiate from a common pluripotent stem cell in the bone marrow. This has been demonstrated by mouse reconstitution studies in which an identical chromosome mutation2032' or retroviral marker insertion was common to myeloid lineages as well as T and B lymphocytes. In the human system, evidence for the globulin are detected by plaquing and protein immunoblotting, while RNA transcripts can be detected by RNA colony blotting. The detection of more than one secreted immunoglobulin isotype or RNA species in a single colony can also be achieved. This B-cell colony assay and the associated detection methods will allow the further delineation of human B lymphopoiesis in both normal and disease states. 0 1990 by The American Society of Hematology.
existence of a common myeloid-lymphoid progenitor cell in the bone marrow comes from the growth of mixed colonies, which were shown to contain 3 to 5 myeloid lineages as well as T l y m p h o~y t e s .~~' '~ The absence of the B lineage from these colonies may be due to a lack of suitable growth conditions for cloning these bone marrow cells, or alternatively, to the limited sensitivity of the detection methods used. With this in mind, an assay in which normal bone marrow B-lineage cells could be cloned would be an invaluable tool for studying human B lymphopoiesis. Specifically, such a technique would allow the identification of B-lineage precursors and the determination of the effects of growth factors and accessory cells on human B lymphopoiesis in the bone marrow environment. This report describes such an assay in which normal human bone marrow B-lineage colonies can be reproducibly grown. Novel methods for detecting human B-cell colonies also are reported. These detection methods allow many cultures to be routinely and rapidly screened for the presence of B-cell colonies. Colonies containing cells that secrete Ig can be detected by the colony plaque assay or the protein immunoblotting technique, while R N A expression can be determined by RNA colony blotting. Techniques that allow the detection of multiple species of secreted Ig isotypes or R N A transcripts from a single colony have also been established. This B-cell colony assay and these new detection methods will prove useful for furthering the study of human B-cell differentiation in the bone marrow.
MATERIALS AND METHODS

Samples
Normal human bone marrow samples were obtained by iliac crest aspiration from transplantation donors or from the femur of osteoarthritis patients undergoing hip replacement surgery. These protocols were approved by the Ontario Cancer Institute and the Wellesley Hospital, respectively.
Cell Lines
Human cell lines that secrete Ig of a known isotype were used to establish the detection methods outlined in this report. These lines were established from patient samples at the Ontario Cancer Institute. They included OCI-MY5 (myeloma)" and OCI-LY7 (large cell diffuse lymphoma):* which secrete Igkx and IgMK, respectively. Jurkatz9 (a gift from Dr T. Mak, Ontario Cancer Institute), a T-cell line, was used as a control in RNA colony blotting experiments. Cell lines were maintained in culture medium.
Media
The culture medium used was Opti-MEM I (GIBCO/BRL, Burlington, Ontario, Canada), supplemented with 5% fetal bovine serum (FBS) (GIBCO), 50 U/mL penicillin, 50 pg/mL streptomycin (GIBCO), and 5 x 10-' mol/L 2-mercaptoethanol (GIBCO). In the culture of fresh bone marrow cells, 10 pg/mL Staphylococcus uureus (Cowan strain) protein A (SPA) (Pharmacia, Baie d'Urfe, Quebec, Canada) was included in the culture medium.
T-cell-conditioned medium (TCM) was prepared by incubating normal human peripheral blood T cells (E-rosette positive):' at 1 x 106/mL, in culture medium containing 1% phytohemagglutinin A (PHA) (Wellcome, Dartford, UK). Supernatants were collected after 3 days.
B-Cell Colony Assay
After collection, bone marrow samples were passed through 15-gauge and 18-gauge needles to disrupt clumps, and were washed in phosphate-buffered saline (PBS). Bone marrow cells were fractionated on a preformed, discontinuous percoll (Pharmacia) gradient. Percoll solutions with densities of 1.095, 1.065, and 1.050 g/mL were prepared according to the method of Nathanson et aL3' Approximately 5 x lo7 nucleated bone marrow cells were mixed with 2 mL of 1.095 g/mL percoll solution in a round bottom centrifuge tube. A percoll gradient was formed by sequentially layering 2 mL of 1.065 g/mL percoll solution, 1.050 g/mL percoll solution, and buffered salt solution above this first 1.095 g/mL layer. The gradient was centrifuged at 850g for 30 minutes at 2OoC. Cells with a density greater than 1.050 g/mL and less than 1.065 g/mL were collected, washed, and cultured as described. In initial experiments the percoll gradient also included a 1.070 g/mL layer.
The percoll-enriched cells were plated in 35-mm culture dishes (Costar, Cambridge, MA) in the top layer of a double-layer agar culture. Each layer consisted of 1 mL of 0.3% melted bacto-agar (Difco, Detroit, MI) in culture medium supplemented with 10% to 20% TCM and 10 Ng/mL SPA. Cells were plated at concentrations of 1 x lo4 to 2 x lo' cells/mL. The cultures were incubated for 10 days at 37OC in a humid atmosphere containing 5% CO, in air. After this incubation, the cultures were examined for the growth of B-lineage colonies using the colony plaque assay.
Colony Plaque Assay
B-lineage colonies were routinely detected using a modification of the mouse colony plaque assay.32 Briefly, the top layer of a double-agar culture was transferred onto a glass slide, dehydrated, and overlaid with plaquing mix. This mixture contained 50 pL SPA-coupled sheep red blood cells (SRBC) (Woodlyn Labs, Guelph, Ontario, Canada) (diluted 1:7 in Hanks' buffered salt solution [HBSS]), 25 pL guinea pig complement (GIBCO) (diluted 1:3 in HBSS), 25 pL rabbit anti-human total Ig antiserum (Cappell Teknika Corp, West Chester, PA) (diluted 1:25 in HBSS), and 500 pL 0.5% agar (BiTek; Difco). After a 5-hour incubation at 37OC, plaques were scored. The SRBC were lysed with a 5% acetic acid:95% ethanol solution, and the plaque-forming colonies were stained with Giemsa (Fluka Chemicals, Buchs, Switzerland) and enumerated microscopically. Those colonies that were within plaques were designated as B-cell colonies. A colony was defined as containing more than 20 cells.
Immunofluorescence and Flow Cytometry
Cells were suspended at a concentration of 6 x 106/mL in PBS containing 2% FBS. Cells, 3 x lo', were incubated with either anti-Leu-12 (CD19; Becton Dickinson, Mountain View, CA) or anti-Leu-16 (CD20; Becton Dickinson) monoclonal antibodies (MoAbs) at a dilution of 150. Isotype control samples were prepared in parallel by incubating cells with mouse IgG, (Becton Dickinson) . After a 30-minute incubation on ice, the cells were pelleted and washed with 2 mL PBS, 2% FBS. The cells were then incubated with the second antibody (30 pL; 1:300; goat-anti-mouse IgG,; Tago Immunologicals, Burlingame, CA) for 30 minutes on ice and washed as previously described.
Quantitative fluorescence analysis was performed using a FACS-CAN flow cytometer (Becton Dickinson). A minimum of 18,000 events for each sample was collected on a FACSCAN Research Management System (Becton Dickinson). For analysis, cells with a lymphocyte profile were gated on side scatter versus forward light scatter, as described by Loken et al."
Protein Colony Blotting
Protein colony blotting is a detection method that combines an immunoblotting technique described by Sauter and Paige'4 with a luminographic method for detecting peroxidase-coupled antibodies."
The top layer of a double agar culture, containing the colonies, was transferred onto a glass slide, dried briefly, and overlaid with a square of wetted nitrocellulose (0.45 pm; Biorad, Richmond, CA) followed by a square of wetted Whatman 3MM filter paper (Fisher Scientific, Toronto, Ontario, Canada). During an overnight incubation at 37OC, Ig that was secreted by colony cells passively transferred and was bound to the nitrocellulose. The nitrocellulose filter was then removed and sites unoccupied by Ig were blocked by washing for 1 hour in PBS containing 1% bovine serum albumin (BSA) (fraction V; Sigma, St Louis, MO) and 0.05% Tween 20 (Fisher Scientific). The filters were then incubated with the appropriate biotinylated goat-anti-human Ig MoAb (Southern Biotechnology, Birmingham, AL) for 1 hour at room temperature. Antibodies were diluted in blocking solution and included anti-IgM (1:1,000), anti-IgG (1:2,000), anti-Igr (1:2,000), and anti-IgX (1:1,000). After washing in PBS, the filters were then incubated for 1 hour with horseradish peroxidase (HRP0)-conjugated extravidin (1 :1,500; Sigma). The bound peroxidase was visualized using a luminescent procedure" in which the filters were incubated for 5 minutes in a developing solution containing 4.4 mg luminol (S-amin0-2,3-dihydro-1,4-phthalazinedione; Sigma), 1.5 mL 1 mol/L Tris (pH KO), 0.5 mL 1 mol/L Tris-HCI (pH 8.0), 18 mL distilled water, 10 mg 4-methylumbelliferone (Sigma), and 6 pL 30% hydrogen peroxide (Sigma). The filters were sealed in plastic bags and visualized by brief exposure (0.5 to 10 minutes) to x-ray film (XAR; Eastman Kodak, Rochester, NY).
Replicate protein blotting was used to detect the secretion of a second Ig isotype by cells in a single colony. Filters were first treated with a biotinylated antibody and developed as above. Next they were incubated in 0.1 mol/L sodium azide (Sigma) for 5 minutes to inactivate the bound peroxidase. These filters were then washed well in PBS, and incubated for 1 hour with a second goat-anti-human Ig MoAb. The second antibodies used in this replicate blotting technique were coupled directly to peroxidase, and included goat-antihuman IgK-HRPO (1:2,000) and goat-anti-human IgA-HRFQ (1 :2,000) (Southern Biotechnology). Positive colonies were visualized as before. When a particular orientation of the filter was observed, a single colony in which cells secrete Ig of two different isotypes could be detected.
RNA Colony Blotting
The method of Paige et a136 was used to investigate the expression of RNA in human colonies growing in agar. In brief, the top layer of a double agar culture was transferred onto a nylon membrane For personal use only. on September 24, 2017. by guest www.bloodjournal.org From (GeneScreenPlus; Dupont, New England Nuclear, Streetsville, Ontario, Canada). The colony cells were lysed with 0.2% sodium dodecyl sulfate (SDS) (ultrapure grade; BDH, Toronto, Ontario, Canada) in 2X SSC (0.3 mol/L NaCI, 0.03 mol/L sodium citrate). The agar was dissolved, the proteins denatured, and the R N A fixed onto the nylon membrane by treatment, under vacuum, with 100% formamide (BDH) preheated to 80°C. The nylon membrane was hybridized to DNA probes using standard procedure^.^^ The human Ig DNA probes used included the constant region of IgM (CF, 1.5-kilobase [kb] embryonic EcoRI fragment"), IgK (CK, 2.5-kb embryonic EcoRI fragment3*), and IgX (Ck, 0.8-kb EcoRI-Hind111 CAI-containing fragment3'). A human &actin DNA probe (1.5-kb EcoRI-BamHI 3' untranslated region fragment, a gift from Dr N. Miyamoto, Ontario Cancer Institute) was used as a positive control, and a human T-cell receptor P-chain DNA probe (TCRP, 770-base pair [bp] PsrI frag~nent~'.~') as a negative control.
A method was developed for examining the expression of more than one species of RNA in a single colony. A modified stripping technique was used to remove the DNA probe from the membranebound colony RNA because conventional stripping methods, such as boiling, tended to remove the colony RNA as well as the DNA probe. After the first hybridization, the filter was washed as described, plus an additional wash in 1X SSC, 0.2% SDS, sealed, and autoradiographed. The filter was then stripped by washing in 50% formamide, 1% SDS, 0.5X SSC at 65OC for 15 minutes, followed by 0.5X SSC at 65OC for 15 minutes. The filter could then be hybridized to a second probe.
An attempt was made to establish a method for RNA transfer from colonies growing in methyl cellulose. OCI-LY7 and OCI-MY5 cells were cultured in 0.9% methyl cellulose in culture medium. Before plating, a sterile disk of nitrocellulose was placed in the bottom of each culture dish. After a 10-day incubation, this nitrocellulose disk was rapidly transferred onto a Millipore suction apparatus (Millipore, Mississauga, Ontario, Canada) using forceps. The methyl cellulose was dissolved with 2X SSC and the cells were lysed with 0.2% SDS, 2X SSC under vacuum. The dried nitrocellulose filters were baked for 2 hours at 8OoC in a vacuum oven. Hybridization was performed as for the agar cultures.
RESULTS
B-Cell Colony Assay
Fractionation of normal, nucleated bone marrow cells allowed for a significant enrichment of the clonogenic cell which gives rise to B-cell Percoll enrichment of clonogenic cells.
PERCOLL FRACTIONS UNFRACTIONATED
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colonies. The fraction of cells with a density of between 1.050 g/mL and 1.065 g/mL represented 5.5% f 2.8% of the total nucleated cells recovered from the percoll gradient. This percoll fraction contained an average of 67% of the possible clonogenic B-lineage cells present in the unfractionated bone marrow. Therefore, this enrichment procedure allowed for a 10-to 100-fold increase in the number of B-cell colonies over that obtained from unfractionated bone marrow (Fig 1) .
Percoll fractionation also allowed for a concomitant enrichment of B-lineage cells. These B-lineage cells were detected by flow cytometry as those cells expressing the pan B-cell antigen, CD19, or the mature B-cell antigen, CD20. Cells with a density less than 1.065 g/mL showed an increase in the frequency of CD19 and CD20 positive cells compared with whole bone marrow samples and cells with a density of greater than 1.065 g/mL (Table 1) .
To determine whether the conditions used in this B-cell colony assay were limiting for one cell type, several titration experiments were performed in which 1 x lo4, 5 x lo4, 1 x lo5, and 2 x lo5 percoll-enriched bone marrow cells were plated and the resultant B-cell colonies enumerated. The least squares regression line fitted to these data had a slope of approximately 1 (range 0.89 to 1.33), as shown in Fig 2. This result suggests that the growth of plaque-forming B-cell colonies in this assay is dependent on a single progenitor cell, and further indicates that the conditions used allow the clonal growth of this B-colony progenitor cell.
Numerically, 0.02% to 0.1% of the input cells gave rise to plaque-forming colonies under the conditions used in this B-cell colony assay. However, the actual cloning efficiency of the assay cannot be determined, because the cell that initiates the plaque-forming colony has not yet been characterized. Experiments are currently being undertaken to identify the colony progenitor cell.
Because myeloid colonies also grow under the conditions described, the plaquing technique ensures that B-lineage colonies are detected. Specifically, colonies containing cells that secrete Ig form plaques and can be enumerated as B-cell colonies.
The morphology of plaque-forming colonies is shown in
Cloning of B-lineage cells.
Colony plaque assay. The number of B-cell colonies, as detected by B CELL COLONY NUMBER = E X P I m E X P 2 m E X P 3
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Samples are gated for lymphocytes as previously described. Fig 3. The cells in these colonies have a typical plasma cell morphology when stained with Giemsa (Fig 3C) . Control experiments were performed to ensure that the observed plaques were caused by secreted Ig. It was seen that plaques were formed only in the presence of complement, anti-human Ig antiserum and SPA-coupled SRBC, and that these plaques were not caused by antibodies directed against SRBC. To ensure that active protein synthesis was leading to plaque formation, 0.5 mL cycloheximide (30 pg/mL; Sigma) was added to cultures 4 hours before plaquing. This resulted in a greater than 90% reduction in plaque formation (data not shown). These results indicate that the Ig detected by the colony plaque assay was produced and secreted just prior to harvesting the cultures.
The percoll gradient was formulated to enrich for plaqueforming colony progenitors. Unfortunately, single plaqueforming cells, which remain viable during the culture period, are also located in the percoll fraction containing the clonogenic 9-lineage cells. For this reason, the plaques formed by colonies were distinguished from those formed by single cells by marking plaques, staining colonies, and examining the slides microscopically. This analysis allowed colonies within plaques to be clearly identified. On average, 50% of the plaques formed were produced by 9-cell colonies.
Experiments were performed to determine the time course for the formation of plaques and 9-cell colonies. In three experiments (data not shown), plaques were present on day 1 and had increased in number by day 10. Plaque-forming B-cell colonies did not appear until day 7, and the number peaked between days 10 and 14.
The growth of plaqueforming colonies from percoll-enriched normal bone marrow cells was dependent on a source of T-cell-derived growth factors, TCM. The optimal concentration required was between 10% and 20%, depending on the batch of TCM.
The number of B-cell colonies that can be grown under the assay conditions described varies considerably between individual bone marrow samples. The mean number of 9-cell colonies obtained from bone marrow samples from 43 individuals was 41.0 colonies per 1 x lo5 input cells (range 3.2 to 121.1). Results from 10 representative bone marrow samples are shown in Table 2 . The variation between experiments was not dependent on the batch of TCM used, the source of the bone marrow sample, or the age of the donor. showing plasma cells on the periphery.
Protein Colony Blot Assay
In the establishment of the protein colony blot assay for human colonies, the cell lines OCI-LY7 and OCI-MY5 were cloned in the double-layer agar system in culture medium without the addition of SPA or TCM. Ig secreted from cells in OCI-LY7 and OCI-MY5 colonies was transferred onto nitrocellulose filters which were incubated with either antiIgM and anti-lgr, or anti-IgX MoAbs, respectively. The luminographic method for detecting peroxidase-coupled antibodies resulted in a positive signal where a colony secreting a specific Ig isotype had occurred. Figure 4B shows positive colonies and also demonstrates that these colonies can be enumerated. Cell line colonies with as few as 20 cells were detectable with this method. Approximately 100% of all OCI-LY7 colonies and OCI-MY5 colonies were detectable with anti-IgM or anti-lgr, and anti-IgX antibodies, respectively. Figure 4A illustrates that the antibodies used were specific only for the Ig isotype to which they were developed. This figure demonstrates that anti-IgM and anti-Igr MoAbs bound to IgMr secreted from OCI-LY7 colonies, but antiIgX did not bind. Replicate immunoblotting of a single filter was achieved after inactivating the HRPO bound to positive colonies. Incubating the filter with 0.1 mol/L sodium azide completely removed the first antibody signal, as seen in Fig 4A ( bottom row, "no treatment"). Incubation of a sodium azide-treated filter with fresh developing solution, without prior exposure to a second HRPO-conjugated antibody, also failed to give a positive signal (Fig 4A; bottom row, "no antibody"), indicating that no active residual HRPO remained on the filter. However, this treatment did not interfere with the specific binding of subsequent MoAbs to filter-bound Ig. For example, in Fig 4A, OCI-LY7 filters that were positive for IgM were also positive for IgK after inactivation of bound HRPO. In these experiments, approximately 100% of OCI-LY7 colonies that were positive for IgM were also IgK positive.
In initial experiments, the culture conditions used allowed the growth of large, diffuse OCI-LY7 colonies that secreted a high concentration of Ig (Fig 4A) . These conditions were chosen to clearly demonstrate the procedure for inactivating the first antibody, and to determine the specificity of the detection antibodies used. While such conditions make it difficult to delineate individual colonies, plating at lower cell concentrations does enable the enumeration of positive colonies, as can be seen in Fig 4B. The protein colony blotting technique allows for the successful detection of B-cell colonies grown from normal bone marrow samples (Fig 5A) . Normal B-cell colonies can be easily enumerated although the cells in these colonies appear to secrete less Ig than cells in the test cell lines studied.
RNA Colony Blot Assay
The establishment of the RNA colony blotting method for use with human colonies relied on the cloning of character- represents one culture grown in a 3 5 m m plate. Filters were first incubated with a biotinylated goat-anti-human Ig MoAb, followed by extravidin-HRPO (top row). The positive colonies were visualized by luminographic development and exposure to x-ray film for 2 minutes. Subsequently, the HRPO bound t o the filters was inactivated with 0.1 mol/L sodium azide. This treatment completely abrogated the signal, as seen by the "no treatment" filter in the bottom row. Four of the filters were then incubated with a second MoAb that was directly conjugated to HRPO (bottom row). All filters, except the last in the row ("no treatment"), were developed using the luminographic technique. Positive colonies were visualized as above. The first filter in the row ("no antibody") was not incubated with a second antibody but was developed with luminol. No signal was detected after a 10-minute exposure to x-ray film for either the "no antibody" or the "no treatment" controls (bottom row). This figure elso demonstrates the specificity of the detection antibodies. For example, positive signals were observed when the filters were incubated with anti-lgM and anti-lgr antibodies, but not with anti-lgX (top row). After sodium azide treatment the second antibodies still bound specifically to the filter, as seen by anti-lgr treated filters in the bottom row. Replicate protein blotting is demonstrated when the filter was first incubated with biotinylated anti-IgM (second filter, top row), followed by a second antibody, anti-lgr-HRPO (second filter, bottom row). (B) Colony enumeration. OCI-LY7 cultures were plated at 2 x lo3 cells/mL and were harvested after 7 days. One filter from one culture was incubated with anti-human IgM. and a second filter from an independent culture was incubated with anti-lgr. Positive colonies were visualized using luminographic development. Individual colonies can be enumerated from these blots. In the top filter an estimated 52 colonies contain cells secreting IgM, and in the bottom filter 40 colonies are positive for IgK.
ized cell lines, such as OCI-MYS. OCI-LY7, and Jurkat, in the upper layer of the double-agar culture described in this report. The cells were plated in culture medium, without the addition of SPA or TCM, at concentrations of 1 x IO', 5 x lo3, and 1 x lo4, respectively. After a 7-to 10-day incubation, the colonies were counted and the RNA was transferred to nylon membranes as described. The filters onto which colony RNA was transferred were hybridized with several DNA probes, and it was determined that probe hybridization was specific (Fig 6) . For example, RNA transferred from OCI-MY5 colonies, which secrete IgAX, gave a positive signal when hybridized with the DNA probe, C,, but not with C,, C, (data not shown), or TCRB. In the same experiment, DNA probes, C, and C,, hybridized specifically to OCI-LY7 (IgMK) RNA filters, and TCRB probe to Jurkat filters (Fig  6 ) .
The colonies in these experiments contained 50 to 300 cells and the colony morphology ranged from compact to diffuse. It was determined that even in cultures containing mostly 50-cell colonies, more than 90% of the colonies present could be detected using the RNA transfer technique described here. This analysis demonstrates that colonies as small as 50 cells and with a diffuse morphology can be detected by RNA colony blotting.
The RNA colony blotting technique is also applicable for detecting normal bone marrow B-cell colonies (Fig 5B) . Normal B-cell colonies could be detected using C,, C,, and C, probes.
The replicate RNA colony blot assay, in which hybridized filters were stripped of the DNA probe and then rehybridized to a second probe, is shown in Fig 6. Filters onto which OCI-MY5 colony RNA was transferred were sequentially A normal bone marrow Bcell colony culture was harvested on day 10. The secreted Ig was transferred onto a nitrocellulose filter, as described. The filter was incubated with biotinylated goat-anti-human Igh. followed by extravidin-HRPO. The filter was developed using the luminographic technique and exposed to x-ray film for 2 minutes. (6) RNA colony blotting. RNA from a 14-day culture of normal bone marrow was transferred onto a nylon filter. The filter was hybridized to C , DNA probe and exposed to x-ray film for 14 days. Normal 6-cell colonies containing cells expressing C , mRNA can be enumerated from this autoradioaraah.
hybridized as described in this figure. The stripping method used, successfully removed the radiolabeled DNA probe, and no signal was observed after exposing the stripped filter to x-ray film for twice as long as usual. After three rounds of stripping and reprobing there was still a positive RNA signal, and hybridization of DNA probes to that filter remained specific. In reprobing experiments performed on OCI-LY7 colonies, it was observed that more than 90% of the colonies detectable with the C, probe were also detected with the C, probe.
To confirm that the signal detected after stripping was due to hybridization of the DNA probe to filter-bound RNA, the stripped filters were treated with proteinase K, DNase, and
RNase before rehybridization (Fig 7) . The only treatment that led to the abrogation of the hybridization signal occurred when the filter was incubated with RNase. RNA expression in OCI-LY7 and OCI-MY5 colonies grown in methyl cellulose culture could also be detected using the RNA transfer technique described (data not shown). In this method a sterile piece of nitrocellulose was placed at the bottom of the plate at the initiation of the culture. However, the removal and transfer of this nitrocellulose filter to the suction apparatus proved quite difficult and resulted in some loss of methyl cellulose. While this obstacle limits the usefulness of this technique, this assay does allow
CONTROLS
I-I
iii I iv Fig 6. Replicate RNA colony blotting. RNA from 10 day OCI-MY6 (IgAX) colonies was transferred onto nylon filters. Single filters were cut in two (A and B) and sequentially hybridized as follows. li) Filter A was first hybridized to C , probe and filter 6 to C , , then exposed to x-ray film for 6 days.
(ii) The filters were then stripped of the DNA probe and exposed to x-ray film for 10 days. This stripping treatment removed the RNA signal. AIthough not shown. the stripping process was performed between each successive hybridization.
(iii) Filter A was next hybridized to C, probe and filter 6 to Ck. and exposed to x-ray film for 5 days.
(iv) Subsequently. both filters were hybridized to TCRB. (v) The filters were then hybridized as in (i). Control filters were treated in parallel to ensure the specific hybridization of the probes used.
Controls ti), (iii). and (VI ware OCI-LY7 (IgMr)
filters hybridized with C, probe. Control (iv) was a Jurkat filter hybridized with TCRB probe.
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DISCUSSION
In this report. culture conditions are described that permit the growth of human bone marrow R-lineage colonies. There are a number of possible reasons why these conditions have allowed the successful growth of R-cell colonies. Firstly, clonogenic cells that have a density of greater than 1.050 g/mL and less than I .065 g/mL were enriched on a percoll gradient. A similar procedure was reported by Olofsson et al." in which clonogenic myeloid cells with a density of I .063 to 1.064 g/mL were enriched from human bone marrow samples on a percoll gradient. Secondly, the culture medium used here may be particularly suited to the growth of R-lineage cells. It has been the experience of our laboratory that Opti-MEM is a superior culture medium for the growth of mouse. as well as human, R-lineage cells. Lastly. the novel methods for detecting human R-cell colonies reported here may be more sensitive than previously uscd methods. and therefore may allow a more accurate estimate of B-cell colony numbers.
Bone marrow is a rich source of multilineage and committed stem cells, including R-lineage precursors. Therefore. the R-cell colony assay described here should provide a useful tool for determining the identity. frequency. and differentiation potential ofclonogenic R-lineage cells in the human bone marrow. This assay may also prove useful for detecting R cells in mixed colonies. thereby affording a means for studying human pluripotent bone marrow stem cells that are capable of giving rise to myeloid and both T-and R-cell lineages.
Thc human B-cell colony assay described here provides a method for studying the direct effects of growth factors and accessory cells on normal human R lymphopoiesis at the single cell level. In the past. this has not been possible using the available techniques such as bulk liquid culture. ERV transformation of R-lineage cells. or the growth of malignant cells. However. in the mouse system. the use of B-lineage colony assays has already yielded valuable information concerning the effects of growth factors'"." and stromal cells" on the differentiation of R-cell precursors. Unfortunately. it appears that many of the strategies developed for cloning mouse R-lineage cells in semisolid matrices may not be applicable to their human counterparts."
Other human R-cell colony assays have been reported. but these have concentrated on the growth of normal peripheral blood R cells. or alternatively the growth of malignant bone marrow R-lineage cells. in a semisolid matrix.I9 Although these assays use a variety of matrices. media, mitogens. sources of stimulation. and types of feeder cells. the conditions are apparently not well-suited for the growth of normal bone marrow R-lineage cells. There have been few reports of assays that permit the growth of normal human bone marrow R-lineage colonies. and in the one reported assayu it is unclear how clonal growth is obtained in the nuid overlayer system used. In the past. the inability to clone normal bone marrow R-lineage cells has been overcome by studying ERV-transformed prc-R ce11s""O or by examining leukemic R-lineage cells lines" as a means of investigating human R lymphopoiesis.
In this report. the presence of B-cell colonies was determined by techniques that detect either the secretion of Ig or the expression of R N A by colony cells. This is the first report of the use of these in situ techniques for detecting human B-cell colonies. In previously reported B-cell colony assays. R-cell colonies were detected by picking individual colonies out of the semisolid matrix. Frequently. colonies were pooled and the cells examined morphologically. and phenotypically for surface Ig. However. as this method is dificult to perform on a large scale. the range of questions that can be addressed For personal use only. on September 24, 2017. by guest www.bloodjournal.org From is limited. On the contrary, the detection methods described in this report provide routine and rapid means for the large-scale detection of B-cell colonies. A drawback of our methods is that functional cells cannot be recovered after the detection procedure; thus, individual cells within colonies cannot be studied further.
Indirect plaquing of colonies has been routinely used to detect normal B-cell colonies in the human B-cell colony assay described here. The colony plaque assay allows for large-scale examination of bone marrow cultures, and up to 200 plates can be examined in 1 day. However, it is a disadvantage that the culture conditions described also allow some single, Ig-secreting cells to remain viable during the incubation period. These single cells cannot be removed by density separation, thus, it is necessary for plaques to be counted, marked, stained, and examined microscopically for the presence of a colony. Further study is needed to overcome this drawback. This situation does not occur in mouse B-lineage colony assays.
The protein colony immunoblotting technique for detecting B-cell colonies also relies on the secretion of Ig from colony cells. After an overnight transfer of Ig onto a nitrocellulose filter, up to 50 cultures can be examined per day. This protein immunoblotting method has many applications. For example, single blotting can be used to screen hybridomas: to detect and determine the frequency of clones secreting different Ig isotypes in disease situations and after exposure to growth factors or accessory cells.
Replicate protein blotting, in which the production of more than one Ig isotype from a single colony is detected, also has several applications; namely, the expression of heavy and light chain Ig isotypes from one colony can be determined. Secondly, information concerning the differentiation state of the clonogenic cell can be ascertained, as has been done in mouse s t~d i e s .~~.~~ For example, if a single colony expresses both IgK and Igh it can be assumed that the colony progenitor cell was uncommitted to Ig light chain expression.
The R N A colony blot technique allows the detection of colony R N A transcripts. In the mouse, as few as 2,500 molecules of C, messenger R N A (mRNA) can be detected per and colonies containing as few as 50 cells can be detected in both mouse and human B-cell cultures. This detection method enables an average of 100 cultures to be processed a t one time. Single RNA colony blotting has applications for monitoring the expression of genes, such as lysozyme, neo, and c -m y~.~~ within developing colonies of other hematopoietic lineages, in addition to B cells. This technique may also have application for examining V, gene usage in disease states, and in following leukemic clones during disease progression.
Replicate R N A colony blotting allows the pattern of R N A expression from single colonies to be determined. This technique can be used to determine the differentiation stage of B-lineage colony progenitors. For example, a colony expressing more than one V, region could be assumed to have arisen from a cell that was uncommitted to Ig heavy chain expression. A further application of the replicate R N A colony blot assay is the assessment of gene expression in single colony-forming unit-mix colonies. Thus, this RNA colony blotting technique may prove useful in defining regulatory events by analyzing gene expression in lymphoid and myeloid colonies, and thereby further define the processes involved in hematopoiesis.
In summary, this report describes a human B-cell colony assay that allows the clonal growth of normal bone marrow B-lineage cells. This assay and the associated detection techniques described will allow the further delineation of human B lymphopoiesis both in the normal and disease states. For personal use only. on September 24, 2017. by guest www.bloodjournal.org From
